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Abstract

The volume-averaged shear-induced drop-coalescence efficigieyneasured by in situ videomicroscopy of blends of poly(propylene
glycol) and poly(ethylene glycol), emulsified with poly(ethyleneglyagiropyleneoxider-ethyleneglycol) block copolymer surfactant. Ad-
sorption of copolymer to the immiscible blend interface is indicated by a reduction in the interfacial tension, measured by the drop retraction
method. The effects of temperature, copolymer molecular weight, copolymer concentration, and capillary number Ca are explored. At small
Ca, ¢y is essentially independent of shear rate and drop size, and depends mainly on the solubility, diffusivity, and surface pressure of the
surfactant, indicating that drop trajectories during flow are perturbed by surfactant Marangoni stresses that are controlled by the diffusion-
limited sorptionof surfactant. At larger Ca;, approaches zero. This arrest of coalescence is associated with the onset of slight deformation
of the drops during their collision, ardfainage of a film of continuous fluid between them. The effect of the surfactant, though signifi-
cant, saturates even while the amount of surfactant adsorbed to the interface is quite small. Governing dimensionless parameters, associate
material parameters and the behavior of more insoluble surfactants are discussed.
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1. Introduction may be avoided, even while the drops remain essentially
undeformed [1]. “Collisions” are defined to occur when the
Since it is often essential to control droplet size in emul- distance between drop centers is less than or equal to the sum
sions, manipulation of the rate of coalescence is necessaryof their radii; smaller separations are possible if the collision
The ability of surfactants or block copolymers to influence force is strong enough to cause drop deformation in the near
drop breakup and coalescence phenomena during the mixingontact region. Such deformation may or may not be suffi-
of immiscible fluids is well known and has great commer- cientto prevent drop contact and coalescence: collided drops
cial importance, but the mechanism by which they achieve remain nearly in contact for a finite “interaction time,” as the
this remains obscure. Here, by determining the appropriatepair rotates in the flow, while a thin film of continuous fluid
governing dimensionless parameters (see Table 1), we deterof thickness: separating the drops drains [2]. Film drainage
mine this mechanism (for soluble surfactants) in regimes of is the second effect that decides whether two drops will coa-
both low and moderate capillary number. Basic parametersjesce or will ultimately be convected away from one another.
are introduced in this section. These two processes have been discussed recently by Yang
As two drops approach one another in flow, two effects et al. [3].
determine the possibility of coalescence. First, the drop tra- A yseful parameter that characterizes this film drainage
jectories curve away from one another; hydrodynamic in- process can be obtained by nondimensionalizing the thin-
teractions that arise from the viscosity of the continuous fjjm force balance for glancing-angle collisions [4,5]. This
fluid cause drops to repel one another, so that collisions gng related so-called dimensionless Hamaker parameters
implicitly define relevant length scales for film drainage:
~* Corresponding author. the drop radiusicr at the onset of the importance of film
E-mail addresssteven.hudson@nist.gov (S.D. Hudson). drainage [5,6] and the final film thickneass before it rup-
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Table 1

Summary of dimensionless parameters

Number Definition

ey = dlr:l(tau) _qu 4{2_712 o7 Volume averaged coalescence efficiency, Eq. (3)

Ca=neyay/o Capillary number

Ma~= I1/(opCa) Marangoni number

Magf = Ma/(Ma, + Ma) Parameter gauging the importance of Marangoni effects during thin film drainage, Eq. (18)

o1 1 A(i+2/3)\2 CetaaZ 11/6 ) i i - ) )
ay facr = gl ;7+1,02|n(f7)+14.9( n+1 ) =] The ratio of volume-averaged drop size to the predicted critical size for the onset of film

drainage effects, Eq. (1) [5,6]

Pe=yaZ/D (Bulk) Peclet number

Pe, =ya2/Dy ) Interfacial Peclet number, Eq. (2)

Pesf = Eﬁ%’%}’% Effective Peclet number, accounting for diffusive and sorption processes, Eq. (14)
Pe, f = opayCa¥/2/(ng Do) Thin-film interfacial Peclet number, Eq. (17) [10]

tures [7]. In this report, we consider the volume-averaged sis of the interfacial surfactant transport equations,
drop radiusz, (of a not-too-polydisperse emulsion), because

the larger drops are most susceptible to film formation. The VsllI'u = Do VI'] =0, (2a)
ratio a,/acr is an important dimensionless parameter de- VS[Fu — Dy, (dF/da)Va] =0, (2b)
scribing whether or not film drainage is important [5], Vg[u + au/(nMaPe,)Vo] -0 (2c)
1 1 yieldsMaPe; as the governing dimensionless number [9,12].
o dder 0.420| n+1.02In(7) + 14.9 Here,I" is the interfacial concentration of surfactamis the
16 interfacial velocity,Ma = E/Ca is the Marangoni number,
n(M +2/3) 2Ca4an 1 E = (—do/dI')T" /o is the Gibbs—Marangoni elasticitip,
x A+1 A ’ @) is the interfacial diffusivity of the surfactare, = )}af/DU

is the interfacial Peclet number (Table 1), avidepresents

whereA is the Hamaker parameter,is interfacial tension,  the gradient operator. We approximaie~ I1/og, where
the (volume-averaged) capillary number is €a.ya, /o, oo is the bare interfacial tension without surfactant did
ne is the continuous-phase viscosity, the viscosity ratio is is the interfacial pressurd{ = og — o). Pe, governs the
1l = na/ne, na is the drop viscosity, angt is the shear rate.  uniformity of interfacial concentration arida the stresses
The film radiusb is approximatelya,Cal/?) [2]. The quan- resulting from interfacial concentration gradients. At small
tity 7 + 1.02In(7)) + 14.9 arises from an approximation of  values of this numbevla Pe, , the interface mobility is unaf-
drop mobility functions, evaluated in the limit of zero sepa- fected by the presence of surfactant, because either the inter-
ration between drops [8§.r thus defined is accurate within  facial concentration is uniform (diffusion dominates) or the
1.5% for Q1 < 7/ < 1, for a broad range of shear stress and surfactant layer is weak. At large values of this number, the
interfacial tension [5]. When, exceedsicr, coalescence is  Marangoni stress retards the interface with respect to motion
reduced markedly, because the time required for drainage ofof the drops either towards or away from each other [9,13].
the film to a thicknes&, exceeds the interaction time for a Under different conditions, a parameter other thaPe,
substantial fraction of drop collions [2,5,6]. may govern interfacial mobility. For example, since different

Both drop trajectory and thin film drainage (and of course velocities and lengths are relevant for either drop trajectory
the coalescence efficiency derived from them) are controlled or film drainage, different Peclet numbers will be defined
by the so-called “mobility” of the interface. This mobility is  in each case, as discussed in later sections (see Table 1).
a function of two primary factors: the viscosity ratjd1,2] Furthermore, if surfactant sorption occurs during an appro-
and the presence of surfactant at the interface [9,10]. Recenpriate time scale, a different parameter is relevant [14,15]
experiments and calculations further suggest that interfacial (Table 1).
slip may be a factor in immiscible polymers without surfac- Coalescence phenomena are remarkably sensitive to
tant [11]. minor changes in interfacial velocity effected by surfac-

When surfactant is present on the interface, motion of tants [10,16,17]. Such effects can be investigated either by
the interface can cause interfacial concentration gradients,direct examination of drop trajectories and film drainage
which produce interfacial tension gradients that oppose, re-times [3,16] or by analysis of the evolution of drop size
duce, and perhaps prevent the motion. Reduction of thedistributions obtained from large populations of drops sub-
interface velocity need not occur if sorption or interfacial jected to flow [18,19]. In the former case, drops can be
diffusion processes are fast enough to maintain uniform con- subjected to different types of flow and can have a variety of
centration, in spite of interfacial motion. If the surfactant is starting positions on different streamlines. The distance be-
insoluble, adsorption and desorption do not occur and analy-tween these streamlines is called the offset [3]. Coalescence
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occurs when the offset and Ca are smaller than certain criti- Table 2
cal values. As the offset increases, the critical Ca decreases. Material viscosity
When the drop size distribution for large numbers of Material T (°C) n (Pas)
drops is studied in simple flows, all possible offset condi- PEG 10k 75 4
tions are realized in the experiment, a great advantage for 90 27
determining the coalescence efficiency. Thus, at a given cap- 125 10
illary number, a certain fraction of collisions are below the PPG 12.2k 5 J1
" . . 90 050
critical offset and coalesce, while others exceed the critical 125 a2

offset and do not coalesce. The critical offset is therefore re-
lated to the so-called efficiency of coalescence [20], defined
relative to the limit that neglects all direct (potential) and molecular weight for each is approximate¥, /M, = 1.1,
indirect (hydrodynamic) interactions [21]. Specifically, we Where M,, is the mass-averaged molecular weight, as
define the volume-averaged coalescence efficiency [20], determined by matrix-assisted laser-desorption-ionization
(MALDI) mass spectroscopy. Their individual viscosities

gy = dIn(a,) . ! il TN (3) were measured using Carrimed and ARES cone-and-plate
dt  ydeft M2~ 2°%) rheometers and found to be Newtonian up to shear rates
wheregets is the effective volume fraction of drops [19]. of at least 800 s! (Table 2). The viscosity ratig is ap-

The experimental and theoretical coalescence efficienciesproximately 0.2 at all temperatures. Because of the chemical
are essentially in accord when the drop viscosity is some- similarity of PEG and PPGg is relatively small, and im-
what less than that of the continuous phase (é.g+,0.2), purities are not likely to be surface-active. Nevertheless, the
the interface is clean, i.e., without surfactant, and the dropsblend mixtures are strongly phase-separated; i.e., the solu-
are not much larger than the size that leads to the onsetbility of one polymer in the other is negligible, because<10
of film drainage [5,19]. Direct experimental observation of yx N < 20, wherey is the Flory interaction parameter aid
film drainage [3], during head-on collisions in fluids with is the effective degree of polymerization, defined below.
clean interfaces ang = 0.1, agrees qualitatively, but not Surface-active poly(ethyleneglycbhpropyleneoxides-
quantitatively, with theoretical analysis. These quantitative ethyleneglycol) (EQPOsEQ,) triblock copolymers (Plu-
differences may arise in part from uncertainty in experi- ronic P85 (EQgPO40EOys), P105 (EQ7POs56EOs7), and
mental measurement of the drainage time. Some unexpecte®127 (EQodPOssEO100), from BASF) were used as surfac-
results have been observed in recent experimental investigatants, and their adsorption onto the interface between PEG
tions, involving mixed flow type, of film drainage between and PPG fluids was investigated. Pluronic P85 and P105
drops that have somewhat higher viscosity than their sur- contain a mass fraction of P@pg = 0.50, while F127
roundings [22]. Experiments with surfactant indicate thatits contains onlywpo = 0.30. Their average molecular masses
effects seem to saturate when the amount of adsorbed surfacare 4800, 6500, and 12,600, respectively. Their polydis-
tant is quite small [16,22]. These effects should be explored persity index (4,,/M,) as specified by BASF is approxi-
further. mately 1.4 [23]. All polymers and copolymers are hydroxy-

In this paper, we report the orthokinetic coalescence effi- terminated.
ciency (based on the evolution of the volume-averaged drop  The effective degree of polymerization of each polymer
size) of fluid mixtures containing surfactant as a function of and chain segment is based on an equivalent monomer vol-
shear rate. By adjusting temperature, copolymer molecularumeu, given by the geometric mean,
mass, and concentration, we adjust the level of copolymer _
adsorption, the surface pressure, surfactant diffusion rates = v/MoaMos/ (pnpB)/Nav- (4)
and interfacial mobility. By this means we seek to determine where Mg is the molecular mass of monomeryp; is the
the relevant parameters that govern shear-induced coalesmass density of homopolymér and Aa, is Avogadro’s

cence behavior, especially in mixtures with surfactant. number. For mixtures of PO and E®,is approximately
80.5, 81.4, and 83.33R at 75, 90, and 12%5C, respectively.
2 Materials and methods Based on this scaling, the degree of polymerizafiofi.e.,

Nhpeg and Nppp@ of the EO and PO homopolymers is
The two fluids used in this study are poly(ethylene approximately 191 and 260, respectively. (Singgec is
glycol) (PEG; the continuous phase; PolySciences), andsignificantly smaller thanppg each of the copolymer sur-
poly(propylene glycol) (PPG; the droplet phase; Arco Chem- factants is much more soluble in the PEG continuous phase,
ical Co.)! Their number-average molecular weights are and by comparison they are insoluble in the PPG drops.
M, = 10,000 and 12,200, respectively. The polydispersity of Therefore, the surfactants were added only to the PEG ho-
mopolymer.) Similarly,N for the copolymer surfactants is

1 Certain commercial materials and equipment are identified in this pa-
per in order to adequately specify the experimental procedure. In no casetional Institute of Standards and Technology, nor does it imply that these
does such identification imply recommendation or endorsement by the Na- are necessarily the best available for the purpose.
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93, 131, and 249, respectively. The volume fraction of PO in down. When this drift occurred, the system was observed
the copolymerg’(PO) is 0.53, 0.53, and 0.32. carefully to ensure that no significant coalescence took place
To accomplish interfacial tension and coalescence effi- during this time. Because the gap spacing is narrow, wall
ciency measurements, mixtures were examined with mono-effects on the effective disperse phase volume fracign
chromatic light by bright-field or phase-contrast optical mi- (see Eq. (3)) are significant and are treated as described pre-
croscopy using a Linkam Scientific Instruments CSS-450 viously [19,45].
heated shearing cell mounted on an Olympus microscope A series of images was recorded during shear at regu-
equipped with 1& and 20« long-working-distance objec- lar intervals of strain. The beginning of the series was timed
tives, various camera eyepieces, and a (6480) pixel 8-bit such that the first one or two images were during rapid shear,
CCD camera. The image magnification was determined us-so that the beginning of slow shear could be determined. The
ing a calibrated ruling. The shear cell has a parallel-plate drop size distribution was measured from the images with
geometry, in which one quartz disk is rotated relative to an image analysis routine using the Danielson or circles op-
another. The smaller disk has a radius of 15 mm, and theerator, which fits a binary thresholded image with circular
observation window is situated at a radius of 7.5 mm, so that domains, as described previously [19]. During slow shear,
the shear field is relatively uniform (i.e£,3%) throughout  Ca is small enough<0.1) that the drops are nearly spheri-
the 0.52-mm-wide field of view. All shear rates and strains cal.a, was calculated as described previously [19]. The total
are reported at the location of the center of the window. number of drops counted per image is approximately 500 to
The interfacial tension between the two fluids was mea- 3000. Comparing the value of, resulting from different
sured by the droplet retraction technique [24] as a function of threshold values (e.g., 1060 gray-level< 120), the stan-
temperature (75, 90, and 1250.1°C) and copolymer con-  dard uncertainty inz, is 0.1 um. Coalescence efficiency
centration épcp= 0, 0.0025, 0.0050, and@LO0+ 0.0009). £, was measured at each timeaccording to Eq. (3), by a
A very small amount of PPG¢(= 0.005 was added to  least-squares fit of l@,) at timest;_» throughr;», where
the PEG/copolymer mixture. Large<(00-um radius) iso-  j indexes sequential data points (for representative plots of
lated droplets were investigated by bright-field optical mi- log(a,) vs dimensionless time, see Fig. 2). From the scatter
croscopy using a Linkam Scientific Instruments CSS-450 of data points in Fig. 3, the measurement uncertainty; iis
heated shearing cell having quartz windows in a parallel- approximately 20%.
plate geometry. The spacingate between quartz plates was
set to 500 pm. Ring tensiometry [25] was also performed on
homopolymer blend interfaces, yielding similar results. 3. Resultsand discussion
For drop retraction measurements, a<1@ng-working-
distance objective was used, and the image magnification3.1. Sorption
(0.766 pmpixel) was determined using a calibrated ruling.
An impulse shear strain (100%) was applied and images of  The adsorption of copolymer onto the interface was eval-
the subsequent relaxation of the droplet were acquired at in-uated by interfacial tension measurement via droplet retrac-
tervals of typically ¥30 s. For each mixture, the response of tion. The relaxation of a spheroidal droplet toward an equi-
four individual droplets was tested three times for each drop librium spherical shape is exponential [24,26],
(see Fig. 1).
Coalescence experiments were carried out at gap spac? = Doexp{—1/7a}, ()
ings of 100 and 20& 4 um, temperatures of 75, 90, and \yhereD is the droplet deformatios (L — B)/(L + B),
125+ 0.1°C, disperse phase concentratign= 0.055=+ defined by Taylor [27], wherd. is the major axis of the
0.0001, andppep = 0, 0.0025, 0.0050, and@ 00+ 0.0001.  spheroid andB is its minor axis.zy is the drop shape re-
The mixture was first sheared at high rate (e.g., 400 s |axation timety = nefiao/o, Whereag is the radius of the

Even at these rates, the Reynolds nunfde+ ,o))hglate/nc . .
(2n+3)(19 + 16)}
c.

(p = density,ipiate= gap spacing) is smalk3 x 103), so Neff = [ >

that Stokes flow can be assumeg.produced by breakup 4001 +1)

was consistent withirt-20% with the interfacial tension  Since the major axis is tilted out of the plane of the image, it
measured by retraction. For example, a 30% reductien in  is easier to measure the minor axs,andL is calculated as-
caused a roughly 30% reduction in steady-state drop size atsuming constant droplet volume 8a8/32. The projection

the same shear rate. Therefore, the shear rate was adjusteaf L was also measured, and the ratio of the measured value
slightly, so that for all temperatures and copolymer concen- to the calculated value was constant after the first one or
trations the starting drop size was more or less the same.two data points. This behavior is consistent with an initially
After more than 1 min of preshear, the shear rate was de-ellipsoidal shape, of which the two minor axes equilibrate
creased abruptly. In some instances, a secondary bulk flowsubstantially before the retraction of the major axis [28]. To
was observed as drops drifted slightly transverse to the flow normalize the data based on the drop sigeand the mag-
(along the vorticity axis) for a few seconds following the step nitude of the initial deformatiog, the data are plotted as
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Fig. 1. Measurement of interfacial tension by droplet retraction. (a) Rescaled deformation vs time, shown fgyg(Fd27 = 0.0100 at 75'C. Different
symbols (circles, triangles, upside-down triangles, and squares, respectively) represent data from different drops, whose undistorsedetiai@se203,
214, and 228 pm. See text for details of rescaling. The line represents a least-squares fit. (b) Interfacial tension of PEG and PPG, as afyp(Etidvpf
and of temperature (squares, triangles, and circles represent data at 75, 90, &@dré&pectively). Error bars represent the values thfat cause a doubling
of the sum of square errors. The measurement uncertainty determined in this way ranges from 4 to 10%. (c) Dimensionless surface presspig,Vedi

see Eqg. (10). As with the previous figure, squares, triangles, and circles represent data at 75, 907 @ndetpgctively. Shaded, open, and filled symbols
represent data of P85, P105, and F127, respectively. See the text for details of the analysis.

In(D/ Do) versust/ty (Fig. 1). A single value o and in- the three copolymers as a function of temperature and
dividual values ofDg are adjusted to provide a best fit to concentration. The Langmuir model assumes that sorption
Eq. (5). For each mixture, the data set is more or less self- obeys first-order reaction rates,
consistent and the relaxation follows an essentially single
exponential (Fig. 1). dI'/dt =ka¢s(Imax—I') = kaT" 6)
In mixtures containing copolymer, the interfacial tension whereg; is the concentration of copolymer dissolved in the
is reduced from that of the binary homopolymer mixture layer of bulk fluid adjacent to the interface (expressed as a
(Fig. 1b). Whereas the interfacial tension without copoly- volume fraction)k, andk, are rate constants for adsorption
mer decreases with increasing temperature, the effect ofand desorption, respectively. Solving Eq. (6) at equilibrium
temperature is qualitatively different at high surfactant con- (zero net ratelI"/dt = 0 and zero concentration gradients
centrations, and increasing temperature increases the interg, = ¢ncp), the adsorption isotherm becomes

facial tension. These results indicate that higher temperature r boco/
causes the copolymer to be more soluble, so that less is ad- = Poop/®c , @)
sorbed to the interface. Fmax 1+ docp/de

The difference in surface tension with and without wheregncp is the volume fraction of copolymer dissolved
copolymer, i.e., the surface pressuie was measured for  in the bulk, I'hax is the maximum interfacial concentration
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Fig. 3. Coalescence efficienay, vs ay /acy, for binary mixtures of PPG
drops in PEG at 90C. The open symbols represent experimental data
&y [19]. Several experiments are reported in whick: 0.022, 0.044, 0.055,

and 0.110, and gap spacieg50, 100, and 200 um. Shear rates are rep-
resented by different symbols, i.e., 2 (circle), 5 s1 (x), 10 s'1
(diamond), 20 51 (+), and 50 51 (square). Filled and shaded symbols
represent calculations based on individual drop pairs, whose size ratio is
1 and 0.75, respectively. The curve corresponds,tpredicted at 2 1.
Consult the text for additional details.

tion). For the three copolymers studied, the calculdiggk
equals approximately 0.39, 0.33, and 0.24 ¥mwith in-
creasing molecular mass. The equilibrium constant may be
expressed in terms of an approximation of activation energy
for desorption,

K =1/¢.=exp(AG/ksT) = exp(x N fpo). 9)

wherekg is Boltzmann’s constanty is the segmental in-
teraction parameter between EO and PO, Aifdo is the
length of the PO block in the copolymer, which adsorbs from
solution to the interface [31].

Applying the Gibbs equation, the interfacial tension is

o =00+ kT I'maxIN(1 — I'/ Tmax),

o =00 — kT I'maxIN(1 + ¢ucp/de). (10)
The Flory interaction parameter between EO and PO seg-

50 s71 (square). The dispersed phase concentration for each mixture wasments determined by a least-squares fit to the data (Fig. 1c)

# = 0.055.

of copolymer, and A¢. is the equilibrium constant (i.e., the
nondimensional ratio of adsorption and desorption rate con-
stantsk = 1/¢. = k,/ kq). Other models of adsorption yield
similar adsorption isotherms (e.g., [29,30]).
I'max may be approximated as

d 3N /n)l/?

Iax=——=———",
chp vN

where the numerator represents the thicknésd a dense
interfacial copolymer layer and the denominator is the mole-
cular volumeuvyep. N is the effective total degree of poly-
merization of the surfactant.= 1 for a diblock copolymer
and 2 for a triblock copolymer (i.e., in the loop conforma-

(8)

isx=A/T + B=81/T —0.15, in reasonable agreement
with the previously reported values [32,33], after accounting
for different definitions ow (cf. Eq. (4)).

The results of adsorption measurements and associated
model parameterg,, I1, oo, I'max, Ubcp, @andk, are used
to evaluate various parameters discussed in the following
sections. In the following experiments to measure the co-
alescence efficiency, the relative interfacial concentration
I'/ I'max ranged from 0.03 to 0.37 for mixtures containing
P85 and from 0.04 to 0.67 for mixtures containing F127.

3.2. Coalescence in mixtures without surfactants

To begin, we replot dataa{ vs dimensionless time)
reported previously [19], here as efficieney vs ay/acr
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(Fig. 3; see Egs. (1) and (3)). As discussed before [19], ' . '
experimental and theoretical results are roughly consistent, o6+ © AP ]
with each having a constanf ~ 0.56 at small Ca (no ad- o 60

justable parameters) and an arrest of coalescence that begins %5 T ¢ o © ]
approximately whemw, > acr (the Hamaker parameter hav- 04t +.a ° ]

ing been adjusted to 1% J). Theoretical results are based &
on calculated drop trajectories, using an asymptotic analy- o3 +
sis of drop trajectories and film drainage [6]. The individual
pair coalescence efficiencies were determined for each of 02T
five shear rates (2, 5, 10, 20, and 585 five drop size ratios
(0.1,0.3,0.5,0.75, and 1) and six drop sizes, the critical drop
radius and five larger values (Fig. 3, filled symbols). The ef- 0.0
ficiencies of other collisions (of different drop size or size
ratio) were calculated by interpolation. From these individ- a/a,
ual pair efficiencies, the evolution of drop size distributions
was calculated. Based on the growth of the volume-averagedFig. 4. Coalescence efficiencies derived from the data sets in Fig. 2 are plot-
drop size, a coalescence efficiengywas calculated (Fig. 3,  ted vsav/acr: (8) (ppcp(P8S = 0.0100, shown here with shaded symbols)
curve), thereby making the connection from individual drop 274 () ¢ocp(F120 = 0.0005, filled symbols). Shear rates are indicated

. . . . as in previous figures. Coalescence efficiency data from a surfactant-free
trajectories to the dynamics of large populations. At small mixture also at 78C are also shown (open symbols). The Hamaker pa-
values ofa,/acr, the critical offset is defined only by the  rameter was assumed to be independent of temperature. Note while the
drop trajectory; deformation and film drainage are unim- interfacial tension reduction is modest, i.erg - ¢)/og equals (a) 0.29
portant, so that the coalescence efficiency is constant ancgnd (b)O.ll,the coalescence‘ efficign_cy is reduceq dramatically. Indged| the
matches the prediction that assumes spherical drops. Wheri‘sﬁsitZngﬁ'sltﬁgiZ;PiLz'isnteexr?;z'i;eldtearfstigi higher surface tension (b).

. . , gradient is limited by dif-

ay ~ acr, &y begins to decrease. As Ca amdacr increase, fusion of surfactant in the bulk phase, to and from the interface, which is
a smaller fraction of collisions results in coalescence. The significantly slower, when the surfactant molecular weight is higher and its
efficiency becomes very small indeed, as the critical offset concentration is lower (as for data set (b)).
approaches that which produces nearly a head-on collision.
At large values ofy, /acr, coalescence is essentially arrested.

Evidently (Fig. 3), the effect of polydispersity smoothes the & atlow Ca and the critical value af, /ac for the onset of
transition from spherical drop behaviar, /acr < 1) to that the arrest of coalescence both decrease. However, the effect

0.1 +

of deformed dropsa, /acr > 1). of molecular weight reaches saturation, as indicated by rea-
sonable superposition of the data from systems containing

3.3. Coalescence in mixtures with surfactants higher molecular weight copolymer (Fig. 5b). .
Clearly, these effects must be attributed to a change in
Next' we exp'ore the effect of surfactant}l gI’OWS Wlth interfaCial properties, aSSOCiated with the presence Of SUrfaC'

time in a manner qualitatively similar to that observed in tant. However, there are a number of questions concerning
mixtures without surfactant [19]: the growth rate is rapid at the nature of these phenomena. At the critical condition for
small Ca, and the rate decreases dramatically at larger Cdhe onset of arrest of coalescence, the deformation of the
(Fig. 2). As with surfactant-free mixtures, the coalescence drops (as measured tbyacr) is much less when surfactant
efficiency reduces to a similar curve when plotted against is present—often more than an order of magnitude less. Per-
av/aer (Fig. 4), using parameters (such as interfacial tension) haps then the drops are essentially spherical, and the arrest
appropriate for the mixture containing surfactant. Thatjs,  Of coalescence is not associated with the onset of deforma-
is constant at low Ca, and then plummets at larger Ca, as cotion? Rather it may be associated with the effects of drop
alescence is arrested. However, the presence of surfactantinsize on surfactant mass transfer, so that the interface be-
troduces two effects: (1) the limiting coalescence efficiency comes immobile when the drop exceeds a certain size. If so,
at very small Ca is diminished, and (2) the arrest of coales- is the mobility reduced over the entire drop surface, or just
cence occurs at smaller Ca (the critical value gfac is no in an isolated region? Does surfactant immobilize the inter-
longer 1, but severalfold less). Although the data at differ- face, or merely reduce its mobility? What are the dominant
ent shear rates are well superposed by plottinggainst mechanisms of surfactant transport? Is arrest of coalescence
ay/acr, the limiting coalescence efficiency at low Ca and associated with a change in the dominant transport mecha-
the critical value ofa, /acr depend on temperature, surfac- nism? Is surfactant sorption important, or does the surfactant
tant concentration, and surfactant molecular weight (Figs. 4 behave as insoluble on the drop collision time scale? What, if
and 5), suggesting the existence of a more appropriate gov-any, is the role of drop deformation? We address these ques-
erning parameter, to be discussed later. At higher moleculartions, and the issues of drop deformation and surfactant mass
weight, lower temperature, or highekcp, as the adsorp-  transfer, through the following analysis, which involves the
tion of copolymer becomes stronger, the limiting value of use of several Peclet numbers, defined in Table 1.
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Fig. 5. Compilations,, Vs ay/acr, Of six data sets for each surfactant.  Fig. 6. (a) The data of Fig. 4a plotted agailt Pe; . The lower curve is the
Each mixture was tested at temperatures 75, 90, and @2Shear rates prediction of Blawzdziewicz et al. [9], assuming insoluble surfactant. The
are indicated as in previous figures. The dispersed phase concentrationupper curve is the prediction obtained fromaahhocmodification to this

for each mixture wag) = 0.055. (a) Mixtures containing P85 surfactant, theory [9], using an effective Peclet number that accounts for sorption, as
$pcp = 0.0025 and 0.0100. Note that the critical valueagf/acr ranges discussed in the text (Eq. (14)). (b) The coalescence efficientaRe,

from approximately 0.2 to 0.5 (as the strength of adsorption decreases). using thead hocsubstitution of Eq. (14) into Egs. (12), represented by the
(b) Mixtures containing F127 surfactangpcp = 0.0005 and 0.0025, for curve. The symbols denote measurements, ait small Ca.

which the critical value ofi, /acr < 0.1.

cular weight PEG in the melt state, which has been reported

3.4. The effect of surfactants on drop trajectory in the literature [34]. Actually, the diffusion coefficient of
microsegregatedblock copolymers is somewhat less (few-
3.4.1. Insoluble surfactants to several-fold) than in an ideal disordered melt [35]. The

If the surfactant retards the motion of the interface, the approximation is likely to be worst for F127, since increas-
trajectory of the drop is deflected more and the coalescenceing molecular weight amplifies the effects of microsegrega-
efficiency decreases [9], in a manner qualitatively analo- tion and chain entanglement [35]. Such errors in estimation
gous to the effect of increasing drop viscosity. Assuming the of D, are not large enough to significantly influence the
surfactant is insoluble, the parameter that gauges the mo-major conclusions of this paper. Using this approximation,
bility of the interface isMaPe;, as discussed in Section 1  coalescence efficiency is plotted agaiMs Pe, in Fig. 6.
(Eg. (2)) [12]. For drop trajectory phenomena, the relevant Clearly this analysis fails to superpose the data.

length scale is the drop radius, so thatPe, = ya2/D, ComputingMa Pe, , we find:
(Table 1). To estimate the surface diffusion coefficiént,
we assume that the interfacial diffusivity of copolymer sur- n ya? o a,

~ %y, (12)

factant is equal to the bulk diffusivitp of equivalentmole- ~ MaPe = ooCaD, _ oon Do
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Note that this parameter scales with), indicating that small. This scaling prediction is in complete opposition to
the interface mobility decreases with increasing drop size, our experimental observations. Finally, since the Marangoni
a trend that is consistent with the arrest of coalescence athumber in our experiments is often substantially larger than
largea,. However, proceeding with the analysis, we find a unity, the coalescence efficiency predicted from their model
number of significant discrepancies with the experimental is essentially zero.

results. In summary, the insoluble surfactant trajectory con-
Blawzdziewicz et al. [9] have calculated the coalescence cept fails to describe our experimental results: specifi-
efficiency ¢ of equal-sized drops as a function bfa Pe; cally, (1) the parameteviaPe, fails to superpose the data

in the limit of Ma being large compared te,/h, whereh  (Fig. 6a), and (2) theories based on this concept differ qual-
is the separation between drops. The following expressionitatively from experimental observations. The failure of the
(Edg. (5.17) in their paper [9]) approximates their results,  insoluble-copolymer/drop-trajectory concept suggests the

. 1.0409(/‘0_20892_ (1.9269x 10_5)0.20892)3/2’ (12a) importance of sorption phenomena and/or deformation and

film drainage. We turn first to the effects of sorption.
where, if we include the effect of drop viscosity [36],

A=1/(3(1+#) +MaPe,). (12b) 3.4.2. Solublg sqrfactants . '
] ) ) ) Whereas with insoluble surfactants, interfacial concentra-
Equations (12) predict a gradual decrease@sMaPe; in-  tion gradients dissipate only by surface diffusion, sorption

creases (Fig. 6). In contrast, experimentally, the arrest of co-of copolymer to and from the interface can simultaneously
alescence is much more abrupt. Moreover, Egs. (11) and (12)eqyce such gradients. Whichever is faster, sorption or in-
do not predict the observed constant coalescence efficiencyig facial diffusion, is the dominant mechanism to reduce
at small Ca. Experimentalljia here ranges typically be-  iyierfacial concentration gradients. Sorption itself involves
tween 1 and 100, and it exceeds 100 for more than 10 datayyq processes, bulk diffusion and local kinetic equilibration
points shown in Fig. 6a, at smallest Ca. Since these valuesy; e interface; their being in series dictates that sorption
of Maiare. hot exceeo!lngly large, we are n'ot ancerned with is limited by the slower of these two. Thus, surfactant mass
quantitative, but qualitative comparison with this theory [9]. ' angport and the dissipation of interfacial concentration gra-
Qualitative comparisons are useful, becguse evenformodes[jients may be dominated by any of the three processes.
yalues ofMa, the relevant p"?“a'T‘eteTfor msoluple surfactant Specifically, interfacial concentration gradients are propor-
is MaPe, (Eqg. (2)). We maintain this perspective through- tional to (a) the surface Peclet numb®e(), (b) the prod-
out the paper, by dimensional analysis seeking to determineuct of the bulk Peclet number and the d,imensionless dif-
the appropriate governing parameters, and not focusing N sion depth /P9, or () the ratio of shear rate to the
guantitative comparison with theories, because we anticipatekinetic rate consta{nt for desorption (k). i.e.. the Biot

future theoretical development. .
) . : : number, depending on whether the surfactant mass trans-
Milner and Xi also calculated surfactant-induced adjust- . . e e .
fer is dominated by surface diffusion, bulk diffusion, or in-

ments to drop trajectories and their consequences for coales- S )
cence efficiency [37]. They considerBe, to be infinite, so terfacial kinetics, respectively. Holbrook and Levan [14,15]

that the copolymer concentration gradient on the surface ofevaluated ratios of these numbers to determine the dommqnt
the drop produced during collision is determined by consid- M2SS transfer process. To account for the parallel and serial

ering the copolymers as merely markers on the drop surface PrOCesses simultaneously, we propose the following dimen-
The concentration gradient is therefore independent of theSlonless group:

shear rate. By perturbation analysis, the effect of copolymer .

on the approach of two droplets is proportional to the energy pg.« — Pe, (HPe+ V{kd) )
expended to produce this concentration gradient, relative Pe, + HPe+y /kq
to the hydrodynamic energy dissipated during collision. In
other words, the effect of copolymer is proportional to the
Marangoni number, which becomes the controlling parame-
ter here. While the work of compressing the surfactant layer
is independent of shear rate, the hydrodynamic dissipation
is proportional to it. Indeed, rewriting Milner and Xi’'s equa-
tion (16) (or (18)) yields the following dimensionless force
coefficient [37]

(14)

Before this parameter is evaluated, it is necessary to com-
pute its constituents. Since the relevant length scale remains
the drop radius, the bulk Peclet numberAs = ya2/D,
whereD is the diffusivity of the copolymer in solution with
the PEG homopolymer, which we again approximate as the
diffusivity of equivalent molecular weight PEG. The kinetic
adsorption coefficierit, may be estimated from the time for
a copolymer to diffuse to the interface from an immediately
Fe 16 1 1600, 1,1 (13) adjacent region, i.e., to diffuse a distance equal to the thick-
ness of the interfacial copolymer layét, Thus k, ~ D/d?.
Sinces decreases ag increases, this theory predicts thatthe Somewhat slower kinetics are expected if there is an acti-
smallest coalescence efficiency occurs at the smallest sheavation energy for adsorption. The kinetic rate constant for
rate and drop size, where the hydrodynamic dissipation is desorption is obtained from the definitién = k,¢..
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The effective dimensionless diffusion depth noted above mechanism is interface diffusion, bulk diffusion, or interface

is written kinetics,Ma Pes;s and the concomitant, areindependent of
Tmaxvbep . shear rate Dependence on shear rate is expected only in the
H= @+ doo)an” (15) limit of infinite Pes [37,38].

where the first group is the dimensionless diffusion depth at 3 5 The effect of surfactants on film drainage
small to moderat®e, for which diffusion is undisturbed by

convection and ~ 1. WhenPeis very large, the gigfusion Considering the whole drop, it appears that, for interfacial
layer becomes modified by convection, &ntt Pe” / - We concentration gradients associated with that length scale,
assume that = 1. Based on these estimates, the ratio sorption is significant and that it is limited by bulk diffusion.
kq Peay When diffusion-limited sorption dominates, we suggest that
HPe? ~ (pc + Pbepd the relevant parameter characterizing interfacial mobility,

and therefore coalescence efficiency, is independent of shear
rate and drop size, consistent with the data at low Ca.

At higher Ca, where the coalescence is being arrested,
none of the parameters that arise from consideration of the
whole drop are able to superpose the data. Thus, we infer
that drop deformation during collision must be important in
the arrest of coalescence, and we now consider the role of

is greater than unity in all of our experiments, indicating that
interface kinetics are much faster than bulk diffusion, so that
sorption is diffusion-limited.

The relative importance of diffusion-limited sorption ver-
sus surface diffusion is evaluated by the ratid’e/Pe;.
According to the estimates described above, this number is
less than unity, for most of our experiments, indicating that " - :

thin film drainage.

sorption by bulk diffusion occurs more rapidly than surface : .
diffusion. Thus, concentration gradients are controlled by _. At thg much smallfzzr scale associated with the flattened
film radiusb = (a,Ca"/?), Peclet numbers are correspond-

(diffusion-limited) sorption, an@e = HPe. In this limit, ingly smaller (andd correspondingly larger), so that surface

N N Tmabep  ya? diffusion may become the dominant mechanism of surfac-

Ma Pest ~ MaH Pex o0Ca(pe + Ppoepas D tant mass transport (Eg. (14)), i.e., the surfactant may behave
Mo Tmaxvbep 0.0 asinsoluble. Furthermore (recalling that the copolymer is in-

~yra,. (16) soluble in the droplet phase), sorption is prevented by deple-

o0nc (e + Poep) D tion of copolymer from the continuous-phase film, if the dif-
Note that this expression predicts that the interfacial mobil- fusion depth is more than half the film thicknéss.e., when
ity is independent of shear rate and drop siteagreement
with the experimental phenomenon at small Ca. This sug- ; < hsorp= .
gests that the reduction in coalescence efficiency at small Ca (¢c + ¢bep)
derives from bulk-diffusion-limited sorption, which retards Experimentally, the calculated value bforp ranges from a
the interface and thereby causes deviations in the drop tra-minimum value of 80 NMdpcp(P85 = 0.01; T = 125°C)
jectories, so that some collisions are avoided. Making the to a maximum of 6 HMdhep(F127) = 0.0005;T = 75°C).
ad hocassumption thabMaPes (Eq. (14)) can substituted  Even the minimum value dfsorp is larger than the critical
for MaPe; in Blawzdziewicz and Loewenberg's theory [9],  film thicknessh,. (which is expected to be between 10 and
Eq. (12) can be replotted (Fig. 6). Reasonable quantitative 20 nm [39]), so that in all cases, at the final stages of film
agreement with the data at low Ca (see Fig. 6b) is fortu- drainage, surface diffusion is expected to be the dominant
itous, considering the various approximations involved. At mechanism of surfactant mass transport. Thus, while the in-
largeMa Pestr, the observed unexpectedly large values,of  terfacial concentration gradients across the whole drop may
(Fig. 6b) may arise from an underestimationggf;. defr is be weak and controlled by sorption, more significant gra-
not expected to remain constant (as assumed in this analydients may appear when the drops begin to deform in the
sis); instead, it is expected to increase at |aigePesr, when  near contact region, where surfactant sorption is irrelevant.
the shear-induced drop diffusivity is reduced [45]. Consequently, Marangoni stresses would only be substantial

If sorption were limited by interfacial kinetics, then the  during the film drainage process.

relative importance of sorption and surface diffusion would  The relevant Peclet number for film drainage with insol-

26 maxVbcp

be parameterized by uble surfactant i€, , = v'b/D,, wherev' is the interfa-

% cial velocity, whose characteristic magnitude, according to
raPe, Chesters and Bazhlekov, i&b?/(n4a2) = 0oCa/n, [10].
and The surface Peclet number in the film becomes

_ /2
Ma ey = May/kg — Mo a1, Pe, ; = 00a,Ca&’?/ (114 Dy ). (17)
00d Ay While the corresponding relevant parameter for interfacial

which is inconsistent with the data at small Ca. Note that retardationidviaPe; , it is importantto consider the specific
regardless of whether the limiting surfactant mass transfer effects of interfacial mobility on the film drainage process.
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certain value, so that the pause occurs before film rupture.
Since Ma depends on the amount of copolymer adsorbed
to the interface, the effect of copolymer on film drainage
Inére\asing Ma is expected to saturate once there is sufficient copolymer to
induce the transitional pause before film rupture. Further in-
crease in the amount of copolymer, only serves to make the
transitional pause occur earlier, and does not influence the
film drainage time, and thus does not further reduce coales-
cence efficiency. At intermediate valueskd; ¢, the pause
— is not so long, so that the film drainage time is intermediate
Increasing Pe between the mobile and immobile limits. While long after
. > the transitional pause, the film drainage behavior seems to
1l lys t be insensitive tdMa, at somewhat shorter times after the
Fig. 7. Schematic log—log representation of film thicknesss a function pause, there seems to be some interplay betwézrand
of time ¢, adapted from Chesters and Bazhlekov [10]. The nearly horizontal IDeﬁf [10].
lines at center represent the transitional pause described in the text. These 10 account for the effects dila and Pe, s, we propose

shift to largerh asMa increases. Curves at zero, intermediate, and infinite  the parameteMaes Pa,f, whereMaes is defined as

Pe; s are sketched. Marked are corresponding drainage times to reach the

critical film thicknessh.. The dashed line is the limit of continuously im- ~ Maet = Ma/(Ma, + Ma), (18)
mobile interfaces.

so that forMa > Ma., the transitional pause occurs early in

] ] ) . ) the film drainage process and the effect of surfactant satu-
The most detailed theoretical calculations of film drainage |4tes. Choosinyla, = 1, the arrest of coalescence is rather

are by Chesters and Bazhlekov [10], who accounted for Vis- \ye|| characterized byl Pe, s (Fig. 8), in comparison to
cosity ratio and the presence of (insoluble) surfactant. Film , ., (Fig. 5, especially at small values ef. The arrest
drainage phenomena were shown to depend on four paramepegins wherMaef Pe, ; is somewhat larger than 1 and the
ters:7), Ma (which they write as™), Pe,, and the dimen-  coajescence efficiency reaches near zero at values slightly
sionless Hamaker parameter [7], which, as noted before, is|arger than 100. The previous scaling (Fig. 5) does not con-
related toa, /acr. sider Marangoni effects, and thus, unlikaet Pe, 7, it fails
When Ma and Pe,; are large enough an. is small to superpose data obtained at wéa& with those obtained
enough (i.e.,acr is small enough), the film surfaces be- 4t strongMa. When Ma is large, howeverMaes is con-
comeimmobile so that the drainage is very slow. The film  stant (hecause Marangoni forces are large enough to induce
drainage process is complex and roughly comprises threethe transitional pause sufficiently early). Therefore, at large
stages: mobile drainage, a transitional pause, and immobilepma, 4, /a¢, (~y%/3a,) and ay/acrs (~y%5a,) have simi-
drainage (Fig. 7) [10]. In the first stage, film drainage occurs |ar scaling. Main differences in the limit of largda con-

at a rate that is nearly equal to the surfactant-free bEhaVior.Cern Sca”ng with respect ® andﬁ and the dependence on
When the film reaches a certain thickness, the transitional copolymer diffusion unique e, 7.

pause takes place. At this stage, concentration gradients and

attendant Marangoni stresses have become large enough,

particularly at the rim of the film, so that the interfacial ve- 4, Summary

locity there, for a time, is negative, and the center of the film

swells slightly in thickness. During this period, the thickness The coalescence efficienay, of immiscible polymer

of the film at the rim does not change much. Eventually, in fluids containing copolymer surfactant was measured, as a
the third stage, the interface velocity of the whole film is function of temperature, copolymer molecular weight and
zero and the film continues to drain until it reacttgsand copolymer concentration. At small Ca, the influence of

the film ruptures. Marangoni stress on drop trajectories is operative. In this
The length of the transitional pause depend®eyy and regime, e, is independent of shear rate and drop size. In
its timing depends oMa [10]. In the limit of infinite Pe; £, surfactant-free mixtures, this constant depends on the

the pause is maximum and the film thickness after the pauseviscosity ratio. In mixtures containing surfactant, however,
is essentially equal to that if fully immobile boundary condi- it correlates withMa Pest (see Eq. (14) and Fig. 6b) in the
tions had been maintained from the beginning. Whether the limit where interfacial concentration gradients are limited by
pause occurs early (lardéa) or late (smallMa), eventually diffusion-limited sorption. Since this sorption rate decreases
the same asymptote is reached. Thus, as long as the transiwith decreasing copolymer solubility, in this regime is re-

tional pause occurés timing is largely irrelevantHowever, duced by decreasing temperature and increasing copolymer
if Ma is too small, the transitional pause will not occur be- molecular weight (Figs. 4 and 6b).
fore h reachesh., and mobile interface behavior will be At larger Ca, drops deform slightly and the influence

observed. To delay film drainag®)a needs to exceed a of Marangoni stress on the drainage of a flattened film be-
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a/a, Similar behavior at both low and moderate Ca is ex-
pected for more insoluble surfactants, especially in the re-
mobilization regime, where surfactant exchange with the
bulk phase is important. In addition, at lower concentrations
of insoluble surfactant, when interfacial diffusion is dom-
inant, trajectory theory [9] is expected to hold at low Ca,
and at higher Ca the theory for film drainage [10] (briefly
described above) is expected to be valid. For high-molecular-
weight block-copolymer surfactants, interfacial sorption ki-
netics may dominate at sufficiently high concentration. An
important consequence of slow interfacial kinetics is that
film rupture can be inhibited. Recent measurements that
demonstrated the role of copolymer asymmetry are con-
00 sistent with interfacial constraints that inhibit film rupture

0.01 0.1 1 10 ' 100 - 1000 [40_44]'

0.6

0.5 +

04 +

02+

014

@) Acknowledgments
oS 10 Partial financial support under NSF Grants CTS-9731502
' and PHY99-07949 is gratefully acknowledged. We are
grateful for helpful discussions with L.G. Leal. Calcula-
tions of drop coalescence efficiency by M.A. Rother and
X R.H. Davis are gratefully acknowledged.

0.15 +

-+ X
g0 ® References
g( [1] H. Wang, A.Z. Zinchenko, R.H. Davis, J. Fluid Mech. 265 (1994) 161—
28 &; ° - 188. '
& [2] A.K. Chesters, Chem. Eng. Res. Design 69 (1991) 259-270.
[3] H. Yang, C.C. Park, Y.T. Hu, L.G. Leal, Phys. Fluids 13 (2001) 1087—
1106.
[4] M.A. Rother, A.Z. Zinchenko, R.H. Davis, J. Fluid Mech. 346 (1997)
107 100 10! 102 103 104 117-148. For more about the relationship of so-called dimensionless
Ma. .. Pe Hamaker parameters for general and glancing-angle collisions please
eff Of see Section 3.4.
(b) [5] M.A. Rother, R.H. Davis, AIChE J. 49 (2003) 546-548. See Eq. (6)
for a definition ofagy.
Fig. 8. The data of Fig. 5 is replotted here agaiNies Pe, ¢. To facil- [6] M.A. Rother, R.H. Davis, Phys. Fluids 13 (2001) 1178-1190.
itate comparison with Fig. 5, the abscissa is also expressed as the vol- [7] A. Saboni, C. Gourdon, A.K. Chesters, J. Colloid Interface Sci. 175
ume-averaged dimensionless drop radigigacr, s, whereagy s is the length (1995) 27-35.
scale implicit inMaggt Pe, 1, i.€.,av /acr,s = (Magft p%_f»)2/5, [8] A.Z. Zinchenko, PMM J. Appl. Math. Mech. 44 (1980) 30-37.
[9] J. Blawzdziewicz, E. Wajnryb, M. Loewenberg, J. Fluid Mech. 395
(1999) 29-59.
tween drops is operative, decreases and approaches zero, [10] 2;;- gh;stef& I.B. Bazhlekov, J. Colloid Interface Sci. 230 (2000)
; —243.
leading to the. arrest of Coalescer.]ce' Whereas the arrest O[11] C.C. Park, Flow-Induced Drop Coalescence, Ph.D. thesis, Mechanical
coalescence in surfactant-free mixtures is govemed by the and Environmental Engineering, Univ. of California, Santa Barbara,
parametem, /acr, in Mixtures containing surfactant, the ar- 2002.
rest occurs at different values @f /ac;. Even though arrest  [12] L.G. Levich, Physicochemical Hydrodynamics, Prentice Hall, Engle-
occurs at much smaller deformations in mixtures containing __ wood Cliffs, NJ, 1962.

surfactant, it is still associated with film drainage phenom- % ﬁz"gbg)agrle_gz%“‘ Davis, A.Z. Zinchenko, Int. J. Multiphase Flow 26
ena. The effect of surfactant is well descnbeq by the para- [14] J.A. Holbrook, M.D. Levan, Chem. Eng. Commun. 20 (1983) 273
meterMaess Pe, ¢ (see Egs. (17) and (18)). This parameter 290.
illustrates why the effect of surfactant on coalescence satu-[15] J.A. Holbrook, M.D. Levan, Chem. Eng. Commun. 20 (1983) 191~
rates even at small amounts of surfactant, because it reacheﬁ 6 $C’T7-H D.J. Pine, L.G. Leal, Phys. Fluids 12 (2000) 484-489

P 1. AU, D.J. PIne, L.G. Leal, yS. Flulds .
a ‘?O”Sta”t Valu_e Whema exceeds a charactepstlc value. [17] Y. Amarouchene, G. Cristobal, H. Kellay, Phys. Rev. Lett. 87 (2001)
This result provides a signature of the effect of interfexe 206104,

mobilizationon film drainage. [18] H. Mousa, T.G.M. van de Ven, Colloids Surf. 60 (1991) 39-51.

0.05 +

Q
=

0.00




S.D. Hudson et al. / Journal of Colloid and Interface Science 265 (2003) 409-421

[19] B.E. Burkhart, P.V. Gopalkrishnan, S.D. Hudson, A.M. Jamieson,
M.A. Rother, R.H. Davis, Phys. Rev. Lett. 87 (2001) 098304.

[20] D.L. Swift, S.K. Friedlander, J. Colloid Sci. 19 (1964) 621-647.

[21] M. Smoluchowski, Z. Phys. Chem. 92 (1917) 129-168.

[22] J.W. Ha, Y. Yoon, L.G. Leal, Phys. Fluids 15 (2003) 849-867.

[23] P. Linse, Macromolecules 27 (1994) 6404—6417.

[24] A. Luciani, M.F. Champagne, L.A. Utracki, J. Polym. Sci. Polym.
Phys. 35 (1997) 1393.

[25] C. Huh, S.G. Mason, Colloid Polym. Sci. 253 (1975) 566.

[26] J.M. Rallison, Annu. Rev. Fluid Mech. 16 (1984) 45-66.

[27] G.I. Taylor, Proc. R. Soc. London Ser. A 138 (1932) 41-48.

[28] H. Yamane, M. Takahashi, R. Hayashi, K. Okamoto, H. Kashihara,
T. Masuda, J. Rheol. 42 (1998) 567-580.

[29] A.N. Semenov, Macromolecules 25 (1992) 4967-4977.

[30] U. Jorzik, B.A. Wolf, Macromolecules 30 (1997) 4713-4718.

[31] L. Leibler, Macromolecules 15 (1982) 1283.

[32] A. Friday, D.R. Cooper, C. Booth, Polymer 18 (1977) 171-174.

[33] D.R. Cooper, C. Booth, Polymer 18 (1977) 164-170.

[34] M. Appel, G. Fleischer, Macromolecules 26 (1993) 5520-5525.

421

[35] M.C. Dalvi, T.P. Lodge, Macromolecules 27 (1994) 3487—-3492.

[36] J.A. Ramirez, R.H. Davis, AIChE J. 45 (1999) 1355-1358.

[37] S.T. Milner, H.W. Xi, J. Rheol. 40 (1996) 663-687.

[38] V. Cristini, J. Blawzdziewicz, M. Loewenberg, J. Fluid Mech. 366
(1998) 259-287.

[39] S.D. Hudson, B.E. Burkhart, P.V. Gopalkrishnan, A.M. Jamieson,
I. Manas-Zloczower, in: 13th International Congress on Rheology,
Brit. Soc. Rheology, Cambridge, UK, 2000.

[40] J.R. Kim, A.M. Jamieson, S.D. Hudson, |. Manas-Zloczower, H.
Ishida, Macromolecules 31 (1998) 5383-5390.

[41] J.R. Kim, A.M. Jamieson, S.D. Hudson, |. Manas-Zloczower, H.
Ishida, Macromolecules 32 (1999) 4582-4587.

[42] A. Nandi, A. Mehra, D.V. Khakhar, Phys. Rev. Lett. 83 (1999) 2461
2464.

[43] J.R. Kim, S.D. Hudson, A.M. Jamieson, |. Manas-Zloczower, H.
Ishida, Polymer 41 (2000) 9163-9168.

[44] S. Lyu, T.D. Jones, F.S. Bates, C.W. Macosko, Macromolecules 35
(2002) 7845-7855.

[45] S.D. Hudson, Phys. Fluids 15 (2003) 1106-1113.



	The effect of surfactant on the efficiency of shear-induced  drop coalescence
	Introduction
	Materials and methods
	Results and discussion
	Sorption
	Coalescence in mixtures without surfactants
	Coalescence in mixtures with surfactants
	The effect of surfactants on drop trajectory
	Insoluble surfactants
	Soluble surfactants

	The effect of surfactants on film drainage

	Summary
	Acknowledgments
	References


